Purpose: Delayed auditory feedback (DAF) is known to induce stuttering-like disfluencies (SLDs) and cause speech rate reductions in normally fluent adults, but the reason for speech disruptions is not fully known, and individual variation has not been well characterized. Studying individual variation in susceptibility to DAF may identify factors that predispose an individual to be more or less dependent on auditory feedback. Method: Participants were 62 normally fluent adults. Each participant performed a spontaneous speech task in 250-ms DAF and amplified nondelayed auditory feedback (NAF) conditions. SLDs, other disfluencies (ODs), speech errors (SEs), and articulation rate (AR) were measured under each condition. Results: In the DAF condition, SLDs and SEs significantly increased, and AR decreased. Sex had a limited effect in that men exhibited higher rates of ODs and faster AR than women. More important, parametric cluster analysis identified that 2-and 3-subgroup solutions reveal important variation that differentiates tendencies toward disfluency changes and rate reduction under DAF, which are theoretically and empirically preferred to a single-group solution. Conclusion: Individual variability in response to DAF may be accounted for by subgroups of individuals. This suggests that certain normally fluent individuals could be more dependent on intact feedback to maintain fluency.
A uditory feedback plays a critical role in speech production and can particularly modulate fluency. The close link between auditory feedback and speech production has been known for many years through observation of the difficulties in speech learning and production shown by individuals with severe hearing impairments. Beyond pervasive hearing deficits, however, the speech of normal hearing adults can be altered rapidly in response to auditory feedback changes. Lombard (1911) was the first to establish a systematic relation between alteration in the level of background noise and the automatic compensations in the speaker's loudness in response to changes in noise intensity (the Lombard sign). Considerable scientific data have now been accumulated revealing the contribution of auditory processes to speech motor control (Hashimoto & Sakai, 2003; MacKay, 1970; Warren, Wise, & Warren, 2005) . Over the past 10 years particularly, it has become clear that precise manipulations of auditory feedback alter phonatory, segmental, and suprasegmental aspects of speech in response to anticipated or unanticipated manipulations (e.g., Burke, 1975; Burnett, Freedland, Larson, & Hain, 1998; Houde & Jordan, 2002; Purcell & Munhall, 2006) . Despite demonstration of potent effects, individual variability in response to auditory feedback in terms of changes in formant frequencies or fundamental frequency, speech rate, and speech disruptions is not well understood but could hold relevant information concerning whether there are distinct differences among individuals in dependence on auditory feedback. In this article, we applied delayed auditory feedback (DAF) to 62 healthy adult volunteers to test the range of individual variation in fluency changes in response to auditory manipulation with an automatic classification method.
The directions into velocities of articulators (DIVA) model developed by Guenther (e.g., Guenther, 2006; Guenther & Perkell, 2004) proposes that the role of auditory feedback is most critical during the babbling and early speech learning period because speech motor control commands (feedforward control generated by the speech sound map for speech production) are being learned and consolidated with feedback. After the feedforward commands are stabilized in development, the speech motor system will shift to rely on feedforward control and substantially reduce reliance on feedback control. Within the DIVA model, feedforward motor commands in the mature system can be corrected or modified by comparing differences between predicted and actual feedback. However, there is no compelling reason why these feedforward and corrective mechanisms should function equally well in all fluent adults. It is certainly possible that typically fluent adult speakers vary in their reliance on sensory feedback. Perkell and colleagues (2000) argued that in the adult or mature speech motor system, the long latency of the auditory feedback loop renders auditory feedback too slow to be useful for segmental control. Tyler's (1981, 1983) findings that ongoing speech was recognizable only after 200 ms of production, and several studies of postlingually deaf participants who maintain speech intelligibility (e.g., Cowie & Douglas-Cowie, 1983; Lane & Webster, 1991) also support a view that continuous auditory monitoring is not essential. Rather, suprasegmental features, such as pitch, SPL, and speech rate that are maintained over longer periods are more amenable to modulation by feedback-based corrections, but these longer scale events convey relatively simple speech information (Perkell et al., 2000) . This is likely correct in many aspects, although it is now clear that auditory manipulations influence speech production at the segmental level (Houde & Jordan, 2002; MacDonald, Goldberg, & Munhall, 2010; Munhall, MacDonald, Byrne, & Johnsrude, 2009; Villacorta, Perkell, & Guenther, 2007) .
Arguably, the best known form of altered auditory feedback is delayed auditory feedback (DAF). The effects of DAF are thought to arise from the ''temporal asynchrony between speech production and its feedback to the auditory system'' (Hashimoto & Sakai, 2003, p. 22) . DAF has been proven a powerful method for reducing disfluencies in people who stutter (e.g., Armson & Stuart, 1998; Kalinowski, Armson, Roland-Mieszkowski, Stuart, & Gracco, 1993; Kalinowski, Stuart, Sark, & Armson, 1996; Sparks, Grant, Millay, Walker-Baston, & Hynan, 2002; Van Borsel, Reunes, & Van den Bergh, 2003) . In contrast, it typically induces disfluencies and decreases speech rate in normally fluent people but with apparent individual variation (Fabbro & Darro, 1995; Jones & Striemer, 2007; Lee, 1950a Lee, , 1950b MacKay, 1970; Stephen & Haggard, 1980; Van Borsel, Sunaert, & Engelen, 2005) . These opposing effects of fluency induction in people who stutter and disfluencies in normally fluent adults demonstrate the potency of this manipulation, especially because fluent speakers do not show significant disfluencies under other types of altered auditory feedback. The DAF-induced disfluencies are relevant evidence that this manipulation affects critical sensorimotor integration processes underlying fluency.
The earliest investigation of DAF effects on normally fluent speakers (Lee, 1950a (Lee, , 1950b (Lee, , 1951 showed that long delays had obvious effects on speech (Lee, 1950b, p. 640) , including syllable repetitions, blocking and/or monotone speech that were labeled ''artificial stuttering'' (Lee, 1950a) . Fairbanks and Guttman (1958) confirmed these types of disfluencies in their study. MacKay (1968) studied developmental patterns of DAF effects using a wider range of delay times and showed that younger children (age 4-6 years) were most susceptible to DAF and that the most disruptive delay time for this group was longer than for older children (age 7-9 years) and adults (for similar findings, see Siegel, Fehst, Garber, & Pick, 1980) . MacKay (1970) investigated the influence of language familiarity on DAF effects and found that disruptions under DAF were greater in the participants' second language than in their native language (for similar findings, see Van Borsel et al., 2005) . Previous findings regarding sex effects on DAF responsiveness have been inconclusive. Several studies have reported that males showed significantly more stuttering-like disfluencies (SLDs; Bachrach, 1964; Corey & Cuddapah, 2008) or higher susceptibility (Fukawa, Yoshioka, Ozawa, & Yoshida, 1988) than females in DAF conditions. Corey and Cuddapah (2008) suggested that the sex difference might be related to the known male:female sex ratio among the adult stuttering population, which is approximately 4:1. Two other studies, however, did not report significant sex differences under DAF (Timmons & Boudreau, 1976; Van Borsel et al., 2005) .
Whereas individual variation appears to involve sex, age, and second language proficiency, the other potentially important factor we propose is that typically fluent adults may have varying levels of feedforward control for speech in their native language. Even among fluent adults, there could be speakers whose feedforward commands are less stable, thus rendering them more dependent on external feedback (i.e., auditory feedback). Such speakers could be more affected by DAF than more skilled speakers. More skilled adult speakers would have stable and accurate feedforward commands for speech that are not easily perturbed by DAF. Burke (1975) was the first to attempt to distinguish between low-and high-susceptibility subgroups (with 32 participants in each) but only using ''correct syllable rate'' during reading. The low-susceptibility group had fewer disfluencies and shorter reading durations than the high-susceptibility group.
In this investigation, we studied DAF-induced speech perturbations including SLDs, other disfluencies (ODs; or normal disfluencies), and articulatory speech errors and articulation rate (AR) in a large sample of fluent speakers to test whether there is marked variation in individual susceptibility as well as sex differences. Cluster analysis was used as an unbiased method to identify subgroups using a multivariate partition of participants based on a prespecified distance measurement. Cluster analysis is one of the most commonly used methods in unsupervised statistical learning (Tibshirani, Walther, & Hastie, 2001 ) and has been used to study individual differences (e.g., Bozinov & Rahnenfuhrer, 2002; Smith, Mirenda, & Zaidman-Zait, 2007) . A gap statistic based on the variance of dependent variables was generated as a statistical guide for the optimal number of clusters (Tibshirani et al., 2001) , and a priori hypotheses about how many subgroups are meaningful were formulated. Generally, our first hypothesis was that cluster analysis would identify two distinct subgroups: high responders with high disfluency rates and low responders with low disfluency rates. This hypothesis followed from Burke (1975) ; however, in this study, we used a multivariate approach. The second hypothesis was that a three-cluster solution would also be a viable option. In this case, a third stable group of speakers would be found that was (a) partly based on variation in the suprasegmental factor of speech rate or segmental factor of speech errors (SEs) rather than disfluency solely; and, (b) the result of high variation in the two-subgroup solution. This multiple subgroup characterization followed from the position that altered auditory feedback is considered to have distinct effects on suprasegmental and segmental aspects of speech (Perkell et al., 2000) . With the low and high responder groups separating the extremes of disfluency rates, we expected that the third cluster solution (intermediate responders) would be differentiated by a different variable. Our third hypothesis was that more female speakers would be categorized as low responders, whereas male speakers would show higher disfluency rates under DAF, reflecting higher susceptibility to DAF (Bachrach, 1964; Corey & Cuddapah, 2008) and perhaps less stable speech motor skills.
Method

Participants
The participants were 62 normally fluent speakers: 29 men ranging in age from 18;6 to 29;7 (years;months; M = 20;8) and 33 women, 18;6 to 22;9 years of age (M = 20;2). All aspects of this study were approved by the institutional review board at the University of Illinois at UrbanaChampaign. The inclusion criteria were (a) monolingual native English speaker; (b) 18-30 years old; (c) free of any hearing, speech-language, psychiatric, or neurological disorders; (d) able to pass a hearing screening at 20 dB HL between 500 Hz and 4000 Hz; and (e) right-handed according to the Edinburgh Handedness Inventory (Oldfield, 1971) . The mean handedness scores were 92.41 (SD = 9.00) for men and 91.72 (SD = 12.58) for women.
Procedure
Each participant was seated in a sound-treated booth and fitted with headphones (Sennheiser HD280 Professional). A microphone (Shure WL185 cardioid lavalier microphone) connected to a preamplifier (Shure MX1BP) was placed approximately 10 cm from the participant's mouth. Digital audio and video recordings were used to obtain participants' spontaneous speech in nondelayed auditory feedback condition (NAF) and DAF condition. In each condition, the participant's voice signal was amplified (see below). Video recordings were obtained with a SONY digital camera (DCR-VX2000) and concurrently burned on DVD using a Panasonic DVD video recorder (Model DMR-T2020). An audio recording was obtained with a HHB CDR830 BurnIT CD recorder.
In the NAF condition, the participant's own voice was amplified and delivered through headphones, as done similarly in previous studies (e.g., MacKay, 1970: 95 dB SPL; Van Borsel et al., 2005: 96 dB SPL) . A Brü el & Kjaer sound level meter (Type 2235) was used to calibrate the headphone output sound level at 95 dBa SPL feedback level through the headphones using a 1000-Hz pure tone. Participants were asked to perceptually determine when the sound intensity through the headphones was ''loud but O.K.'' with a commonly used loudness rating scale (Cox, Alexander, Taylor, & Gray, 1997) . The sound level was adjusted downward for only two participants because they reported that their voice was too loud. Sound levels were identical and constant in the DAF and NAF conditions. Delayed feedback was implemented using the DAF/FAF Assistant software program (Version 1.1, www.artefactsoft.com/) at the longest latency setting (Fairbanks, 1955; Goldiamond, 1965; Van Borsel et al., 2005) . This delay time was verified to be 250 ms using a multichannel digital oscilloscope that allowed simultaneous comparison of the offset times of delayed and nondelayed signals.
Tasks. Spontaneous conversational speech was performed by all participants in the DAF and NAF conditions. Each participant carried on a casual conversation with the first or second author on selected topics, such as study major, current classes, hobbies, plans for vacations, movies, and states or countries he or she had visited. A speech sample of approximately 500 to 1,000 syllables in each feedback condition was recorded. The order of DAF and NAF presentation was counterbalanced across participants. We also recorded responses under reading and divided attention conditions that are not reported in this study but will be reported separately.
Speech samples were transcribed using the Systematic Analysis of Language Transcripts (SALT) program (Miller & Chapman, 1996) . An utterance was defined as a series of words (a) containing a communicative idea, (b) bounded by a simple intonational contour, and (c) being grammatically complete (Sawyer, Chon, & Ambrose, 2008; Walker, Archibald, Cherniak, & Fish, 1992; Yaruss & Conture, 1995) . Utterances that included simultalk (i.e., utterances when both investigator and participant are talking simultaneously) or unintelligible speech, or utterances containing fewer than three consecutive words were excluded. In each speech sample, the first five utterances were disregarded, and a consecutive set of 15 utterances was selected from the transcription for analyses. The overall mean numbers of fluent content syllables across the utterances selected for NAF and DAF were 16.48 (SD = 4.49) and 11.27 (SD = 3.13), respectively.
Dependent variables. Nine specific types of disfluency were identified and classified into two general categories. These two categories were adapted from Ambrose and Yairi (1999) . They specifically defined SLDs and ODs. The first class, SLDs, includes repetitions (part-word and singlesyllable word repetition) and disrhythmic phonation (blocks and sound prolongations). Lee (1950a Lee ( , 1950b Lee ( , 1951 and Fairbanks and Guttman (1958) described two other types of disfluencies that were also identified in this study. Repetition of unstressed syllables such as /aluminum-num-num/ were coded as part-word echo, and a voice tremor was coded as wavering voice. Both disfluency types are not typically present in natural speech conditions and were coded separately in SALT transcripts and considered as SLDs. The second class, ODs, includes interjections, revision/abandoned utterances, and multisyllable/phrase repetitions (see Ambrose & Yairi, 1999, p. 899) , which are generally considered linguistic disfluencies. Speech articulatory errors (SEs) that included omissions, substitutions, and additions were coded. The first-pass SALT transcription and disfluency coding was completed by a research assistant trained by the second author. The second author reviewed each transcript to confirm the disfluency and SE coding. Each disfluency and SE event was identified and classified, and the total numbers of SLDs, ODs, and SEs per 100 syllables were calculated. Example waveforms of SLD, OD, and SE instances are provided in Appendix A.
Articulation rate (AR) was defined as the number of perceptually fluent content syllables divided by the duration of fluent speech in seconds for each utterance based on the acoustic record. The first author completed all rate measurements. To determine the duration of perceptually fluent speech, the durations of (a) disfluencies and (b) pauses greater than 250 ms were excluded (Andrews, Howie, Dozsa, & Guitar, 1982; Hall, Amir, & Yairi, 1999; Miller, Grosjean, & Lomanto, 1984) . Breaks in phonation after SLDs or ODs in utterances were also excluded to control the number and duration of pauses that can influence AR (Adams & Ramig, 1980; Chon, Sawyer, & Ambrose, 2007; Zellner, 1994) .
Using the GoldWave software program (Version 5.23; Craig, 2008) , all audio-recorded speech samples were converted to .wav file format at a sampling rate of 44 kHz, and each utterance was captured for the rate analysis. The Praat software program (Version 5.0.13; Boersma & Weenink, 2008 ) was used to measure (a) the whole duration of each captured utterance, (b) the duration of each pause in the utterance to determine whether it was longer than 250 ms, and (c) the duration of each disfluency (Stuart, Frazier, Kalinowski, & Vos, 2008; Throneburg & Yairi, 2001 ) and the following pause in the utterance to subtract this segment from the total duration. SEs were included for analysis if they did not interrupt the fluency of utterances because these errors also contained linguistic content. For example, if a participant omitted a vowel /o/ when pronouncing also in the sentence ''I was also going there'' under DAF, because it did not disrupt the flow of speech, the word was included for the rate analysis. To accurately measure duration, the onset and offset points of speech were determined from the time waveform and corresponding spectrogram, and by listening to the audio signal. The onset point was the initiation of acoustic energy identified on the time waveform and spectrogram and confirmed with audio signal. The offset point was the end of acoustic energy of sound identified from the time waveform and spectrogram and confirmed with audio signal. The duration of pauses within the utterance was measured from the offset point of acoustic energy to the subsequent onset point of acoustic energy. After calculating the duration of a perceptually fluent utterance and counting the number of fluent syllables in the utterance, AR was calculated for each utterance. Next, the mean ARs were calculated for each participant.
To determine whether the data from the 15 utterances of the spontaneous speech sample were representative of the entire sample, data from 10 participants (16.1% of all participants) were randomly selected, and the numbers of each disfluency type (SLD and OD) and SEs per 100 syllables and the mean ARs of their entire speech samples, excluding the first five utterances, were analyzed. These values were compared with those for 15 consecutive utterances using paired t tests (α = .05). The two sample sets did not reveal significant differences in the numbers of SLDs (NAF: p = .605, DAF: p = .357), ODs (NAF: p = .434; DAF: p = .470), and SEs (NAF: p = .343; DAF: p = .385), or in the mean AR (NAF: p = .321; DAF: p = .717).
Reliability
Intra-and interrater judge reliability was obtained for (a) the types and locations of SLDs, ODs, and SEs, and (b) mean AR. Fifteen percent of samples (10 data sets) were randomly selected under both DAF and NAF for each variable.
For interrater reliability, a research staff member with extensive experience with SALT transcription listened to the 10 datasets that had been completed earlier by the second author. The SLDs, ODs, and SEs were identified and coded on the SALT transcripts. For intrarater reliability, the original transcriber relistened and coded disfluencies and SEs. To estimate the two reliabilities, the ''percent of agreement on occurrence'' (Bryington, Palmer, & Watkins, 2004, p. 116) of each variable, calculated by the number of agreements of occurrence divided by the sum of the numbers of agreements and disagreements, was used (Baird & NelsonGray, 1999) . For SLDs in the NAF and DAF conditions, intrarater reliabilities were 1.00 and .96, respectively, and the interrater reliabilities were 1.00 and .93, respectively. For ODs in the NAF and DAF conditions, the intrarater reliabilities were .99 and .99, respectively, and the interrater reliabilities were .94 and .99, respectively. For SEs in the NAF and DAF conditions, the intrarater reliabilities were 1.00 and .95, respectively, and the interrater reliabilities were 1.00 and .91, respectively.
Pearson product-moment correlations were used both for intra-and interrater reliability for AR to estimate the stability of ratio scale measurement (Schiavetti & Metz, 2006) . For intrarater reliability, the 10 datasets were reanalyzed by the first author after a period of 4-5 months. For interrater reliability, a research assistant trained by the first author determined speech rate following the methods outlined above. The coefficients for intrarater reliability were .99 for NAF and .99 for DAF. The coefficients for interrater reliability were .95 for NAF and .98 for DAF.
Statistical Analysis
IBM SPSS Statistics (Version 19.0) and R 2.9.0 software were used for statistical analysis. Descriptive analysis was performed to provide means and standard deviations of the following four measures: (a) number of SLDs per 100 syllables, (b) number of ODs per 100 syllables, (c) number of SEs per 100 syllables, and (d) mean AR under the two auditory feedback conditions (NAF and DAF). Repeated measures analysis of variance (ANOVA) was conducted as a first-pass analysis for each dependent variable to test whether general differences existed between the conditions. The factors were Sex (men/women) × Feedback (NAF/DAF). Correlations (Pearson r 2 ) were reported to characterize general patterns of covariance between the dependent measures.
The partitioning around medoids (PAM) method (Kaufman & Rousseeuw, 1990) in the R 2.9.0 Cluster Methods library was used to identify whether meaningful subgroups could be formed by the full set of dependent variables. The PAM method was chosen because it is one of the most commonly used approaches for nonhierarchical clustering. The PAM method generates groups based on dissimilarity matrix and is less affected by outliers, thus it is more robust than other cluster analysis and has been used in the field of biology and psychology (Banerjee & Davé, 2012; Bozinov & Rahnenfuhrer, 2002; Theodoridis & Koutroumbas, 2006, p. 635) . To achieve an optimal number of clusters in our dataset, a gap statistic, which is considered a standard measurement to evaluate cluster size, was calculated first (Tibshirani et al., 2001) . The cluster number with the greatest gap score relative to the preceding cluster indicates the best number of clusters to use for the cluster analysis. The dependent variables SLDs, SEs, and AR in the DAF condition for each participant were standardized to scale all variables within a common range before conducting the cluster analyses. The variable ODs was excluded because it was not demonstrated to be influenced by auditory feedback (see the Results section).
As the first step of the cluster analysis, the gap statistic based on the variance of the dependent variables was generated. As shown in Figure 1 , the gap statistic results revealed that a two-subgroup solution was the best overall but was only slightly better than the three-subgroup solution. From this, it is evident that two-and three-subgroup solutions accounted for more variance than the one-group solution (overall data), suggesting that a cluster solution can reduce significant variability. Therefore, we proceeded with two separate cluster solutions (i.e., k = 2 and k = 3) based on the gap statistic, which independently concurred with our hypotheses.
After the cluster analysis yielded subgroup membership, the mean numbers of fluent content syllables across the utterances for the two-and three-subgroup solutions were compared for NAF and DAF separately using one-way ANOVA to ensure there were comparable numbers of utterances. Other follow-up analyses to evaluate whether the subgroup classifications were meaningful were conducted by using ANOVA to compare the subgroups across experimental conditions. We conducted a separate one-way ANOVA for each of the two-and three-subgroup solutions in which each dependent variable was compared across the subgroups. This is a standard approach to determine whether the betweensubject variance of the groups suggested by the cluster analysis is statistically meaningful. It is possible that not all variables will show between group differences based on the suggested clusters. The level of significance for each comparison was 0.05 followed by Scheffé or least significant difference post hoc tests for the subgroup solution comparisons. Finally, a x 2 test was conducted to compare whether the proportion of women and men in each group differed from the expected proportion per group.
Results
DAF-Induced Speech Changes and Effects of Sex
The overall means and SDs of SLDs, ODs, and SEs per 100 syllables for men and women in the NAF and DAF conditions are provided in Figures 2A, 2B , and 2C, respectively. The mean ARs calculated in syllables per second (SPS) are also shown for men and women under the two conditions (see Figure 2D) .
SLDs. The mean SLDs per 100 syllables for men and women were, respectively, 1.03 (SD = 0.91) and 0.35 (SD = 0.46) in the NAF condition, and 8.54 (SD = 7.15) and 6.89 (SD = 7.26) in the DAF condition. As expected, the mean SLDs per 100 syllables was substantially higher in DAF than in NAF, with the effect of feedback being highly significant, F(1, 60) = 59.89, p < .001 (see Figure 2A) . A statistical difference, however, was not detected for sex, nor was there a significant interaction between sex and feedback.
ODs. For men, the mean ODs per 100 syllables were 5.85 (SD = 2.96) for NAF and 5.30 (SD = 3.05) for DAF. The mean ODs for women were 3.98 (SD = 1.94) and 3.90 (SD = 2.16) for NAF and DAF, respectively. Women had significantly lower ODs per 100 syllables than men, F(1, 60) = 9.39, p < .01, although the auditory feedback manipulation did not significantly influence the frequency of ODs (see Figure 2B ). As shown in Figure 3A , the similar mean values, together with the significant correlation between ODs in the NAF and DAF conditions, suggest that DAF did not have a prominent effect on this disfluency category at the group level.
SEs. The mean SEs per 100 syllables for men and women were 0.01 (SD = 0.05) and 0.01 (SD = 0.07) in NAF, respectively, and 1.28 (SD = 1.22) and 0.98 (SD = 0.88) in DAF. There were significantly more SEs in DAF than in NAF, F(1, 60) = 79.02, p < .01, as shown in Figure 2C . The effect of sex and the Sex×Feedback interaction, however, were not significant.
AR.
The mean ARs for men were 5.48 SPS (SD = 0.59) and 4.74 (SD = 0.65) under NAF and DAF, respectively. Women showed 5.48 SPS (SD = 0.50) in NAF and 4.36 SPS (SD = 0.51) in DAF. AR was significantly slower in DAF than in NAF, F(1, 60) = 146.30, p < .001, and the male group showed significantly faster articulation than the female group, F(1, 60) = 6.89, p < .05 (see Figure 2D) . The Feedback × Group interaction was not significant.
Each dependent measure showed higher variability in terms of SD in the DAF condition compared with the NAF condition. The overall SDs of SLDs, ODs, SEs, and AR were 0.78, 2.62, 0.06, and 0.56, respectively, in NAF, whereas those in DAF were 7.20, 2.68, 0.99, and 0.61. The higher SDs of SLDs and SEs notably support individual variability in susceptibility to DAF. Therefore, the normality of the D) . In all panels, error bars denote SDs. SLD = stuttering-like disfluency; OD = other disfluency; SE = speech error; NAF = nondelayed auditory feedback; DAF = delayed auditory feedback; AR = articulation rate. *p < .05. **p < .01. ***p < .001. Correlations. Pearson correlations were determined between the dependent variables across all participants. Most of the correlations were not significant. Several modest correlations were found between the following variables: (a) SLD (NAF) and OD (NAF): r = .28, p < .05; (b) SLD (NAF) and OD (DAF): r = .39, p < .05; (c) OD (DAF) and AR (DAF): r = .39, p < .05; and (d) OD (NAF) and OD (DAF): r = .41, p < .05; and AR (NAF) and AR (DAF): r = .62, p < .05. These results indicate that variables are not strongly intercorrelated, which possibly allows for a contribution of unique variance to the cluster analyses. Both ODs and AR showed significant correlations between NAF and DAF, but only AR also showed a significant difference between the feedback conditions as shown in Figure 2D . This suggests that AR has some potential for discriminating responsiveness to altered feedback (see Figure 3B ).
Cluster Analysis
The two-and three-group cluster solutions (i.e., k = 2 and k = 3) were determined. Table 1 shows the means and SDs of the dependent variables for each subgroup solution. Two-subgroup solution. As seen in the scatter plots of Figure 4 , the participants presented with circles (n = 33) were labeled as the low responder group because the SLDs and SEs counts were lower in DAF (see Figure 4A) . The other participants presented with asterisks (n = 29) showed higher SLDs and SEs counts in DAF; thus they were labeled as the high responder group. The scatterplot of SLD and AR (see Figure 4B ) indicates that the low responder group had the lower rate of SLDs combined with constrained AR. The high responder group, in contrast, showed broader variation for both variables. Figure 4C depicts the higher SEs count in the context of broad AR variation for the high responders and the constrained variation of the low responders. Before evaluating whether the subgroup classification was meaningful, the mean numbers of fluent content syllables across the utterances collected for each subgroup were compared in NAF and DAF separately. The mean number of syllables under DAF was 11.93 (SD = 3.17) for the low responders and 10.51 (SD = 2.95) for the high responders. Under NAF, the low responders showed 16.39 (SD = 4.82) and the high responders showed 16.59 syllables (SD = 4.16). A one-way ANOVA showed no significant difference in the number of syllables between the subgroups in either feedback condition.
A one-way univariate ANOVA showed that the high responders had significantly higher SLDs, F(1, 60) = 24.35, p < .001, higher SEs, F(1, 60) = 46.91, p < .001, and faster AR, F(1, 60) = 6.99, p < .05, in DAF compared with the low responders. When the subgroup classification was applied to performance in NAF, statistically significant differences were not found between the high and low responders.
Three-subgroup solution. The three-subgroup solution is presented in Figure 5 . In comparison to the two-subgroup solution, the three subgroups generally showed lower SD values than the two-subgroup solution in DAF. The low responder group (n = 18) had the lowest SLDs and SEs counts in DAF (see Table 1 ). The new subgroup (n = 32) labeled as the intermediate responders exhibited an intermediate range of SLDs but had the fastest AR and highest SEs counts. The high responders (n = 12) had the highest SLDs, a broad range of SEs, and the slowest AR in DAF. In Figure 5A , the low responder group (circles) and intermediate responder group (triangles) had low SLDs counts, but the intermediate responder group varied more broadly in terms of SEs. The high responder group (asterisks) showed high values in both SLDs and SEs. In Figure 5B , the three subgroups are descriptively distinguished by rate of SLDs, whereas the high responder group tends toward lower AR. In Figure 5C , SEs count is seen to distinguish the subgroups. Again, the mean numbers of fluent content syllables across utterances were compared for NAF and DAF separately. using one-way ANOVA for the NAF and DAF conditions separately. In the NAF condition, there were no differences between the subgroups for any of the variables. A significant effect of group was found for SLDs in DAF, F(2, 59) = 70.69, p < .001. Post hoc tests indicated (a) SLDs were significantly higher for high responders compared with low responders and intermediate responders (p < .001 for both comparisons); and (b) intermediate responders had significantly more SLDs than low responders (p < .01).
There was a significant main group effect, F(2, 59) = 25.36, p < .001, for SEs in DAF as well. Both the intermediate and high responders had significantly more SEs than the low responders: (a) between the intermediate and low responders (p < .001), and (b) between the high and low responders (p < .01). The intermediate and high responders did not significantly differ.
For AR, there was also a significant subgroup effect in DAF, F(2, 59) = 3.35, p < .05. The post hoc testing indicated that intermediate responders showed significantly faster AR than the high responders (p < .05), but no other post hoc differences were found to be significant.
Sex Distribution Within Subgroups
The expected distribution of male and female participants within each subgroup was compared with the actual distribution for both cluster solutions. The x 2 test based on the observed distribution did not identify a difference between the expected and observed proportions for either cluster solution. Therefore, the third hypothesis was not supported.
Discussion
This study investigated individual variability in response to DAF effects on speech fluency and AR in a large group of normally fluent adults. The means and SDs of SLDs, ODs, and SEs emphasize the individual variation in that certain speakers were minimally affected by DAF, whereas others became highly disfluent or had more speech articulatory errors. Mean AR decreased in DAF compared with NAF, but only this variable showed a significant trend in that individuals who had faster or slower AR in NAF also showed similar patterns in DAF.
Although the broad variation in susceptibility to DAF was expected based on previous reports (Burke, 1975) , this study characterized susceptibility in a novel manner by classifying responsiveness to DAF in multivariate space by means of cluster analysis. The gap statistic was used as a guide to the optimal number of subgroups for cluster analysis. We did not expect the gap statistic to agree with our hypotheses of the two-or three-group partitioning, but this agreement provided support for our approach. It is recognized that cluster analyses are particularly constrained by the choice of variables and number of participants. Yet, the comparison of a two-and three-subgroup solution identified important and unique variation that we believe can be accounted for by individual differences in DAF susceptibility. The ANOVA results based on the cluster partitioning support the hypotheses that a two-or three-subgroup solution meaningfully partitions variance in SLDs, SEs, and AR. The cluster results do not support sex differences in susceptibility to DAF.
Effects of DAF on Speech Fluency
At the most general level, when auditory feedback of normally fluent adults' speech is disturbed by delay, speakers tend to respond in a rather predictable way: (a) an increment in SLDs, (b) an increment in SEs, (c) a decrement in AR, but (d) inconsistent or no change in ODs. Although generally consistent with the results of previous literature (e.g., Corey & Cuddapah, 2008; MacKay, 1968; Stuart, Kalinowski, Rastatter, & Lynch, 2002) , the current findings, based on a much larger sample size than most previous studies, can shed light on the distributed impact of disturbed auditory feedback in terms of accuracy, errors, and AR. In addition, as reported in early studies (Lee, 1950a (Lee, , 1950b (Lee, , 1951 , we also observed the two types of speech perturbation, partword echo and wavering voice, in the DAF condition. These disfluencies were considered atypical motoric disfluencies unique to DAF and were categorized as SLDs because they are not observed under typical speaking conditions but disturb the flow of speech in DAF (Fairbanks & Guttman, 1958) .
The increase in SLDs for most normally fluent speakers is most likely accounted for by a disturbance in auditory-motor processing. It has been suggested that the primary role of auditory feedback in normally fluent adults is to update and adjust stored speech motor commands in natural speaking conditions. In this view, auditory feedback is incorporated into internal models of speech production that determine whether planned (and expected) speech output matches the actual product and generate corrective motor commands if a mismatch is detected (Max, Guenther, Gracco, Ghosh, & Wallace, 2004) . The DAF-induced temporal asynchrony induces a mismatch between expected auditory feedback and the actual feedback. The disfluencies may be unsuccessful attempts to correct for the mismatch or errors induced by the mismatch. The SEs may also result from the same mismatch. There are important theoretical implications in that the DAF-induced disfluencies and errors that impacted segmental production (i.e., SLDs and SEs) were accompanied by altered suprasegmental production (i.e., AR). Unperturbed auditory feedback may therefore be important for implementing accurate segmental motor commands.
The observed disruptions in speech could depend on the long time loop of auditory feedback that shifted certain speakers into a mode of production that depended on closed loop feedback. A closed loop mode of control is not suited for the rapid demands of ongoing speech and might result in artificially induced errors and disfluencies. Closed loop feedback is susceptible to instability, particularly under high gain conditions. Although gain is hard to define in the speech system, attempting to maintain a normal rate of speech under a closed loop condition could predispose the speaker to instability. Moreover, hearing speech output (i.e., auditory feedback) that is not expected could interfere with ongoing motor planning.
AR was significantly slower in DAF, and significant AR differences emerged between the sexes. The reduced AR under DAF can be interpreted in two ways: First, it may be related to the characteristics of suprasegmental mechanisms as we predicted. Suprasegmental mechanisms are more amenable to feedback-induced variation than are segmental mechanisms because they have relatively simple auditory information and can be adjusted over a longer time scale than segmental information. Thus, AR can be disrupted by unexpected changes in sensory feedback without compromising the message. Speakers may also be more accustomed to making changes in suprasegmental information as listening conditions change. Second, it could also be an involuntary response to overcome DAF. When interruptions occur between the actual speech output and its expected arrival to the auditory system due to DAF, a speaker may slow articulatory movements to gain more time to maintain the flow of their speech production. We did not see a significant positive correlation between disfluencies and rate in DAF in the overall sample, but the low responder group did decrease AR significantly. This suggests that the rate alterations might be a strategy to maintain segmental features in DAF condition, even though not all participants successfully implemented this response. In this regard, rate can be considered a variable that is highly sensitive to changes in the speech motor system. Previous speech rate studies have supported this view (e.g., Amir & Grinfeld, 2011; Nishio & Niimi, 2001; Walker et al., 1992) . For example, AR increases in older children (Amir & Grinfeld, 2011; Walker et al., 1992) and patients with several types of dysarthria show reduced or abnormal AR (Nishio & Niimi, 2001) .
The ODs measure, encompassing interjections, revision/abandoned utterances, and multisyllable/phrase repetitions, was not affected by DAF, which follows the results of Sakai, Masuda, Shimotomai, and Mori (2009) . Other investigators have documented significant changes in related ODs-type variables in DAF, but they measured ODs with different criteria. Corey and Cuddapah (2008) looked only at changes in the number of interjections in conversational speech, which decreased under DAF. In the study by Van Borsel et al. (2005) , several types of OD were intermixed with their SLDs-type measure. For example, ''interjections'' and ''revisions'' were categorized together with ''prolongations,'' which crosses the categories used in the current study. We coded multiple disfluencies that are broadly considered linguistic disfluencies but are not related to the types of disfluencies that are symptomatic of stuttering. ODs in NAF and DAF were positively correlated, and a statistical difference between DAF and NAF was not found. We interpret this to mean that these disfluency categories are not subject to the temporal asynchrony of DAF. Thus, the SLDs and SEs occurring in the DAF condition would result from disruption of the auditory-to-motor integration system, whereas ODs seem to arise earlier in the speech production process. This is consistent with ODs reflecting linguistic formulation errors. This perspective follows Manning and Shirkey (1981) , who considered SLDs as ''motoric'' fluency breaks but referred to ODs as ''formulative'' fluency breaks. That is, these disfluencies appear to reflect some hesitation in planning, with linguistic components as the background.
Differences in DAF responses between male and female speakers were not a prominent finding. There were no sex differences in rates of SLDs or SEs, and the proportion of men and women was similar within the subgroups, but subtle and complex differences in AR and ODs need to be considered. Sex difference in speech rate has been investigated in typical speaking conditions. Even though the published results are mixed, a considerable number of studies have reported that males show faster speaking rate or AR than females (e.g., Byrd, 1994; Lutz & Mallard, 1986; Quené, 2008; Verhoeven, De Pauw, & Kloots, 2004; Yuan, Liberman, & Cieri, 2006) , and the current results from the NAF condition follow the previous findings. Different AR in DAF may be related to the significant trends that participants with fast AR in NAF also showed faster AR in DAF as shown in Figure 2B (R 2 = .39). In addition, there were sex influences in the OD measure. The male group showed higher ODs counts than the female group. This was an unexpected finding but could serve to imply that males have greater susceptibility to language-formulating disruptions independent of auditory monitoring issues.
Lack of significant sex difference in SLDs in the current study may suggest that males and females show similar variation in DAF susceptibility, and that basic auditory-to-motor integration functions are broadly similar. Corey and Cuddapah (2008) reported more SLDs in DAF in males than females, but it is noted that the investigators varied delay times, and sex differences were most prominent at 180 ms in conversational speech and at 230 ms in reading condition. We did not vary delay times, which may have masked sex differences.
Among the variables tested within the overall sample, SLDs and SEs marked susceptibility to DAF more strongly than ODs and AR because SLDs and SEs showed significant main effects without an interaction with sex. From this pattern, we expected that SLD and SE would more clearly define subgroups in the cluster analysis.
Subgroups of People Who Differ in DAF Susceptibility
In the large sample of participants in the current study, we classified subgroups to characterize variation in DAF susceptibility. Although the significant correlation of AR across the DAF and NAF conditions offers some potential to classify speakers based on speech rate alone, it would miss the contribution of other variables clearly affected by DAF. Our two-cluster solution agrees with earlier reports that some individuals are quite fluent in DAF conditions (low susceptibility), whereas others show considerable speech disruptions (high susceptibility) (Burke, 1975; Yates, 1963a Yates, , 1963b . The current study has yielded more comprehensive and accurate data, however, because low versus high susceptibility was determined in an unbiased manner in multivariate space. Although Burke (1975) recruited a larger sample (200 participants), participants were rank-ordered only on the basis of an a posteriori criterion, correct syllable rate, in DAF. Our multivariate approach offers new insight into individual differences because susceptibility to DAF can be distinguished by distinct ranges of SLDs, SEs, and AR. It further provides strong evidence that differences in DAF susceptibility can involve suprasegmental changes and segmental errors.
The three-subgroup solution provides more insight into individual susceptibility even though the gap statistic revealed that the most suitable cluster size was two. The three-subgroup solution showed independent distinctions in SEs and AR, indicating that all three dependent variables contribute to susceptibility. Also, the three-group distinction supports our hypothesis that DAF responsiveness varies along distinct parameters and is sufficient to show that meaningful variation in DAF susceptibility is not a simple dichotomy. Within the interpretive framework of the DIVA model (Guenther, Ghosh, & Tourville, 2006; Guenther & Perkell, 2004; Namasivayam & van Lieshout, 2011) , our findings could entail that low responders have better developed speech-motor skills. This enables fluent speech under the DAF perturbation by using more accurate feedforward control to achieve speech targets. This also indicates that low responders could be less dependent on auditory feedback under typical speech conditions. The intermediate responders who exhibited relatively low SLDs, but high SEs and fast AR, may generally have stable motor control, but the unexpected feedback leads to conflict between feedforward commands and predictions about expected feedback, and results in subsequent output errors. These individuals may not be highly dependent on feedback but use it more regularly than low responders to update feedforward commands. In contrast, high responders have a high dependency on auditory feedback to maintain fluency under typical speaking conditions. Under altered feedback conditions, we propose that these speakers could shift into a mode of overcompensating for the perceived error. Overcompensating for the feedback perturbation could render a speaker even more prone to disfluency and SEs, as well as slow speech. These susceptibility distinctions have implications for understanding sensorimotor interaction in speech motor disorders such as stuttering.
Despite the substantial reduction in auditory feedback dependency in adults relative to children, our results support a view that accuracy of feedback commands and dependency on intact feedback vary widely even among normally fluent adult native English speakers. Our findings potentially reveal that feedforward commands can be unstable, even though this lability is veiled with natural feedback. When feedback is manipulated, the lability is apparent in disturbed segmental production as well as suprasegmental modulation. The phenomenon of segmental disruption in DAF adds to the accumulating findings that motor-phonetic encoding involves auditory-to-motor integration.
Further work is needed to understand this potential relationship between speech-motor skill and DAF responsiveness. Other speaking tasks, a range of delays, and amplitude manipulations could better help to partition DAF responsiveness. Changes in kinematic parameters such as speech kinematic stability, movement displacement, and velocity in DAF conditions could demonstrate how speech motor controls are influenced by auditory feedback manipulation. Moreover, the influences of nonmotoric factors such as dual-task condition need consideration. In other work that is beyond the scope of the current study, we manipulate auditory feedback (i.e., DAF versus NAF) and attention to task: Participants are asked to read a passage and then to read a passage while monitoring for a phoneme. Low responders could cope with DAF by ignoring the artificial signal through attention mechanisms, whereas high responders are unable to tune out the altered feedback even though they try to perform two cognitive tasks simultaneously. If independence between attentional effects and DAF effects is found, it could indicate that cognitive and sensorimotor mechanisms each impact speech motor control separately. Or, it might be able to show whether auditory feedback manipulation basically influences speech-motor control or whether DAF effects are more related to attentional influences.
Conclusion
The current study demonstrated that ongoing speech production in normally fluent speakers is influenced by changes in auditory feedback. According to our multivariate classification, individuals who are minimally affected by DAF (low responders) were distinguished from speakers who are highly susceptible to DAF (high responders) in a twosubgroup solution. Moreover, in the three-group solution, there were speakers with moderate error susceptibility but high AR (intermediate responders). Our hypothesis is that DAF responsiveness is related to a continuum of speech motor skills. Thus, temporal and perceptual parameters, speech disruptions, and AR, which can reflect speech motor control for speech production, were measured. Cluster analysis was performed to account for broad individual variability in susceptibility to DAF. Specific differences in the acoustic parameters between the two subgroups as well as between the three subgroups were not identified in a nondelayed feedback condition, but DAF screening could identify and contrast these subgroups. The current study supports the conclusion that feedforward control for speech production varies across adult speakers even in their native language, and that auditory feedback manipulation can reveal the variability.
